In the present work, we investigate the production of P−wave charmed or charmed-strange mesons in the pion or kaon induced reactions on a proton target. The total cross sections as well as the differential cross sections depending on the scattering angle are evaluated in an effective Lagrangian approach. Our estimations indicate that magnitude of the cross sections strongly depends on the model parameter but such dependence can be almost completely canceled for the cross section ratios. These model independent ratios can be taken as a good criterion of the validity of heavy quark limit in the charmed region, which is helpful to understand P-wave charmed and charmed-strange mesons.
I. INTRODUCTION
In the past decades, a series of charmed and charmedstrange resonances have been observed, which makes the charmed and charmed-strange families abundant. Most of these resonances can be well categorized into charmed or charmed-strange meson spectrum predicted in the constituent quark model. The meson spectrum was predicted long time ago, by such as the relativistic quark model proposed by Godfrey and Isgur [1] . As for the charmed mesons, the S wave ground states, D and D * , were observed as early as in the 1970s. In 1985, the ARGUS Collaboration reported a new resonance near 2420 MeV in the D * π invariant mass spectrum [2] . Later in the Dπ invariant mass spectrum, another P-wave charmed meson, D * 2 (2460) was also reported at ARGUS [3] . Further analysis of the ARGUS data indicates that the broad structure reported in Ref. [2] is actually the superposition of two relatively narrow states, D * 2 (2460) and D 1 (2420). Until 2004, the rest of P-wave ground charmed mesons, D 1 (2430) and D 0 (2400), was reported by the FO-CUS [4] and Belle Collaborations [5] , respectively. Since then, the P-wave ground charmed mesons have been established, and the observed masses of these states are consistent with expectations of the relativistic quark model [1] .
However, establishment of the P-wave ground charmedstrange mesons is not as smooth as the charmed mesons. In 1988, the P-wave charmed-strange meson, D s1 (2536), was observed in the D s γ invariant mass spectrum of aνN collision process [6] . The 2 + charmed-strange meson, named D * s2 (2573), was first observed in the D 0 K + invariant mass spectrum of a B decay process. In 2003, two charmed strange states, named D * s0 (2317) and D ′ s1 (2460), were first observed in the D + s π 0 invariant mass spectrum of a B decay process by the BABAR Collaboration [7] and in the D * + s π 0 invariant mass spectrum of a B decay process by the CLEO Collaboration [8], respectively. The J P quantum numbers of D * s0 (2317) and D s1 (2460) indicate that they could be good candidates of P-wave charmed-strange mesons. However, the observed masses of these two states are far below the quark model expectation [1] . In order to show the flavor symmetry of up, down and strange quarks, we define a residual mass as the difference of meson mass and m 0 , where m 0 = (m D +3m D * )/4 and m 0 = (m D s +3m D * s )/4 for charmed and charmed-strange mesons, respectively. As shown in Fig. 1 , we present a comparison of the residual masses of the lowest S − and P−wave charmed and charmed-strange mesons . As for the S −wave states, the residual masses are almost the same for all light flavors, which reflects the flavor symmetry. As for the P−wave states, such a flavor symmetry is kept for D ′ 1 (2430)/D ′ s1 (2536) and D * 2 (2460)/D s2 (2573). However, if one takes D * s0 (2317) and D s1 (2460) as the strange partners of D * 0 (2400) and D 1 (2420), one can find that the residual masses of D * s0 (2317) and D s1 (2460) are much smaller than those of D * 0 (2400) and D 1 (2420). The particular properties of D * s0 (2317) and D s1 (2460) stimulate theorists to great interests. It is interesting to notice that the observed masses of D * s0 (2317) and D s1 (2460) are just below the thresholds of DK and D * K, respectively. Thus, it was natural to evaluate the possibility of interpreting both states as deuteronlike molecular states from different aspects, such as mass spectrum [9-11], decay behavior [12] [13] [14] [15] , and production process [16] . However, if D * s0 (2317) and D s1 (2460) are considered as a molecular state, one has to answer the question "where are P-wave charmed strange mesons with J P = 0 + and 1 + ?". However, there are no evidence of additional states corresponding to D * s0 and D s1 . In Refs. [17] [18] [19] , the mass discrepancies were interpreted as the coupled-channel effect and the relativistic quark model with fine tuning parameters could reproduce the masses of D * s0 (2317) and D s1 (2460) [20] . The decay behaviors investigating the charmed-strange meson scenario also indicates that the observed properties of D * s0 (2317) and D s1 (2460) could be understood [21] [22] [23] [24] [25] [26] [27] .
To further test our understanding of the P-wave charmed and charmed-strange mesons, their properties should be investigated in more aspects. If one carefully checks the experimental production process of these heavy-light mesons, one can find most of these charmed and charmed-strange mesons are produced via e + e − annihilation, photon production, and B meson decay processes. Actually, the charmed and charmed strange mesons could also be produced in the pion/kaon induced processes, such as a reaction on a nuclear target. Up to date, we have high energy pion and kaon beams with high quality, such as J-PARC [28] , COMPASS [29] , OKA@U-70 [30] and SPS@CERN [31] . These facilities make the charmed and charmed meson production feasible in the hadronic production. In the present work, we investigate the P-wave charmed and charmed strange mesons by pion and kaon induced reactions on a proton target, which could provide some useful information for further experimental measurements. On the other hand, the measurements could also provide some critical tests for our understanding of these charmed and charmed-strange mesons, especially for D * s0 (2317) and D s1 (2460). This work is organized as follows. After the Introduction, we present our investigation of the pion and kaon induced production on a proton target at hadronic level and the related amplitudes are obtained by the effective Lagrangians constructed in the heavy quark limit and chiral symmetry. In Sec. III, we present our numerical results and some discussions, and last section is devoted to a short summary.
II. PION (KAON) INDUCED PRODUCTION ON A PROTON TARGET
In the present work, we estimate the P-wave production process at hadronic level and an effective Lagrangian approach is adopted to depict the hadron interactions. Here, the
and (e)). The diagrams related to the P-wave charmed-strange meson production could be obtained by replacing π − with K − . effective Lagrangians are constructed in the heavy quark limit and chiral symmetry [32] [33] [34] [35] [36] [37] . In the heavy quark limit, the S wave heavy light mesons are degenerated and could be described in a H matrix, which is,
As for the P-wave heavy-light mesons, the spin singlet and triplets could be separated into two doublets i.e., S doublet and T doublet, based on light quark degrees of freedom, s ℓ = s q + ℓ, which is a conserved quantity in the heavy quark limit. The particular expressions of S and T matrices are defined as,
As for pion and kaon, since they are considered as chiral particles, the effective interactions between the heavy-light mesons and chiral particles are ,
where the covariant derivative D µ = ∂ µ + V µ . The vector current V µ and axial current A µ are defined as
with ξ 2 = exp(2iM/ f π ) and M to be the chiral particle matrix defined as,
By expanding the effective interactions in Eq. (3), one can obtain the effective Lagrangians related to P− and S −wave charmed mesons and a chiral particle, which are,
In the heavy quark limit and chiral symmetry, all the coupling constants in the above effective Lagrangians can be related to the gauge couplings h or h ′ by
where f π = 132 MeV is the decay constant of pion and Λ χ = 1 GeV is the chiral symmetry-breaking scale. The gauge couplings h and h ′ are estimated to be h = 0.56 ± 0.04 and h ′ = 0.43 ± 0.01, respectively [38, 39] .
The involved effective Lagrangians related to baryons read as [40] ,
where the related coupling constants are g Λ c pD = −13.98 and g Λ c pD * 0 = −5.20 [40, 41] .
With the above effective Lagrangians, we get the ampli-tudes corresponding to diagrams in Fig. 2 , which are,
where F(q, m D ( * ) ) is the form factor introduced to depict the off-shell effects of the exchanged mesons as well as the structure effects of the involved mesons. The specific expression of the form factors will be discussed in the following section.
With the above amplitudes, we can estimate the differential cross sections of the pion induced P-wave charmed meson production process, which is
where s = (p 1 + p 2 ) 2 is the center-of-mass energy, and θ denotes the angle of the outgoing charmed meson relative to the pion beam direction in the center-of-mass frame. p i and p f are the three-momenta of the initial pion beam and final charmed meson, respectively. The factor 1/2 in the bracket comes from the spin average of the initial state and the overline indicates the sum over the final state spins.
III. NUMERICAL RESULTS AND DISCUSSIONS
In the present work, we adopt the form factor in a monopole form, which is [42, 43] 
where the parameter Λ can be further reparameterized as Λ D ( * ) = m D ( * ) + αΛ QCD with Λ QCD = 0.22 GeV and m D ( * ) is the mass of the exchanged meson. The model parameter α should be of order of unity [44] [45] [46] [47] but its concrete value cannot be estimated by the first principle. In practice, the value of α is usually determined by comparing theoretical estimates with the corresponding experimental measurements. Unfortunately, the experimental data for the involved processes are not available now. So in the present work, we adopt the same α values for all the P− wave charm/charmed-strange meson production processes due to the similarity of the involved mesons by varying this model parameter around unity. To further reduce the uncertainties caused by the present model, we focus on the relative size of the cross sections for the different final states, which should be weakly dependent on the form factors. Further discussions about form factors can be found in Appendix A.
A. Cross sections for P−wave charmed and charmed strange meson production the model parameter α. As for πp → D * 2 Λ c [ Fig. 3-(d) ], the P π dependences of the cross sections are very similar to those of πp → D * 0 (2400)Λ c but different in magnitude, which is about one order larger than those of D * 0 (2400) production process. As for πp → D ′ 1 (2430)Λ c [ Fig. 3-(b) ] and πp → D 1 (2420)Λ c [ Fig. 3-(c) ], their cross sections still increase slowly with P π increasing after the shape rise near the threshold.
The cross sections for P−wave charmed-strange meson production by a kaon induced reaction on a proton target are presented in Fig. 4 . The behaviors of the cross sections are very similar to those of charmed meson production processes. After the sharp rise near the threshold, the cross sections of D * s0 (2317) and D s2 (2573) production processes become very weakly dependent on the kaon beam momentum, while those of D ′ s1 (2460) and D s1 (2536) production processes still increase slowly. The estimations indicate the cross sections for these processes are also strongly dependent on the model parameter α.
To further reduce the uncertainties resulted from the model parameter α, taking a πp reaction as an example, we define the following cross section ratios, In the same way, we can define the cross section ratios for a K p reaction processes. In Fig. 5 , we present the ratios defined above depending on the beam momentum and model parameter. In particular, for the πp reaction processes with α = 1.2 [as shown in Fig. 5-(a] , the ratio R 1 ′ 0 is about 1.14 ∼ 3.94 when P π = (13 ∼ 20) GeV. As for R 10 , the ratio is estimated to be 35.05 ∼ 98.35, which indicates the cross sections for πp → D 1 (2420)Λ c is about 30 times of the one for πp → D ′ 1 (2430)Λ c . In the heavy quark limit, D ′ 1 (2430) and D 1 (2420) couples to D * π via S −wave and D−wave, respectively. Accordingly, we normally expect that the width of D ′ 1 (2430) is much larger than the one of D 1 (2420). The low partial wave coupling will be enhanced in the low energy scales, i.e., the involved momentum is very small, such as the decay processes of D ′ 1 (2430) and D 1 (2420). However, in the production process, the momentum of pion is very large. In this case, the D wave coupling will be enhanced since the vertex D 1 (2420)D * π ∼ p 2 π , while D 1 (2430)D * π ∼ p π · p D * . As for R 20 , it weakly depends on the beam momentum and varies from 9.13 to 19.66 in the considered beam momentum range. As shown in Fig. 5-(b) , the ratios of K p reaction processes are very similar to those of πp reaction processes. To further test the model dependent of the ratios, we present the α dependences of these ratios in Fig. 5 -(c) and (d) with P π/K = 16 GeV. Our estimations indicate that these cross sections ratios are almost independent on the 
B. Differential cross sections
Besides the cross sections, we present the differential cross sections of the considered processes depending on cos θ, where θ is the angle between the outgoing charmed or charmed-strange meson and the beam direction. Since our estimates indicate that the shape of differential cross sections weakly depend on the model parameter, we fix the model parameter α = 1.2 in the represent work to see the cos θ distributions at different beam momenta, which are 12, 14, 16 , and 18 GeV for Fig. 6-(a)∼(d) , respectively. In Fig. 6 , we present the cos θ distributions of P−wave charmed meson productions in the πp reaction process. Here, one should notice that the differential cross sections reach the maximum at the forward angle limit. As P π increases, more charmed mesons are concentrated in the forward angle area. As for the D * 2 (2460) production process, the threshold is 11.53 GeV, which is close to 12 GeV. Thus, the produced D * 2 (2460) has small momentum and the distributions of the differential cross sections weakly depend on cos θ as seen in Fig. 6-(d) .
The differential cross sections for P-wave charmed-strange meson productions are presented in Fig. 7 . The differential cross sections increases as cos(θ) increases, which is the same as the P−wave charmed meson production processes. As for the D * s2 (2573) production process, the threshold is 11.98 dσ/dcos(θ)(µb) GeV, which is extremely close to 12 GeV. Thus, the differential cross sections are almost independent on cos θ and much smaller than those with higher beam momenta as seen in Fig. 7-(d) .
IV. SUMMARY
In the present work, we have evaluated the production of P−wave charmed/charmed strange mesons in the pion/kaon induced reactions on a proton target by an effective Lagrangian approach. The cross sections as well as the differential cross sections depending on the scattering angle have been evaluated. Our estimation indicates that the cross sections for the considered processes shapely increase near the threshold and weakly depend on the incoming beam momentum. For both charmed and charmed-strange mesons, the cross sections for the S doublet are of the same order, while cross sections for the T doublet are about one order larger than those for the S doublet.
Our predictions for the cross sections are not convincing as we have expected since the magnitude of cross sections strongly depend on the model parameter. However, we have found such model dependence completely disappears in the cross section ratios, which is the best out of the worst. The cross section ratios for the charmed meson production processes provide us an opportunity to check the validity of heavy quark limit in the charmed region, and the ratios for the charmed-strange meson production processes can further test our understanding of P−wave charmed-strange mesons, especially for D * s0 (2317) and D s1 (2460). As we clarified in Section III, the form factors and parameters can usually be determined by comparing the theoretical estimations and the related experimental data. However, as for the processes considered in the present work, there is no experimental data available till now. Thus, we use a form factor in monopole form with the parameter α around the unity according to previous experiences [44] [45] [46] [47] . Actually, the form factor could be different form, such as [48] ,
Here, we take the form factors in above two forms as Mode II and Mode III,respectively, while the one in Eq. (11) as Mode I.For comparison, we also parametrized the parameter Λ in the above equations as Λ = m D ( * ) + αΛ QCD . However, it should be noticed that the α in different form factors are different if they are used to depict the same processes. For example, in the first type of form factor α should be larger than 0 to avoid an unphysical suppression at Λ = m D ( * ) , while in other two types form factors, α could be zero. Thus, in this section, we first try to find a proper α for different form factors by reproducing a similar cross sections for the processes considered in the present work and then check the cross section ratios and the differential cross sections. We find that when taking α = −1.6 for Mode II and α = −0.4 for Mode III, we can produce a similar cross sections as those for Mode I with α = 1.2. The cross sections depending on the beam momentum with different form factors are present in Figs. 8 and 9 . With the parameters determined by the cross sections for Mode II and Mode III, we can further check the cross sections ratios for the processes involved in the present work, which are presented in Figs. 10 and 11. From these figures one can find the beam momentum and alpha dependences of the cross sections ratios are very similar for different form factors. Taking Mode II as an example, for the charmed mesons productions, the ratio R 1 ′ 0 , R 10 and R 20 are 2.69 ∼ 9.33, 81.31 ∼ 222.93 and 9.92 ∼ 17.58, respectively, and for the charmed strange mesons productions, these ratios are estimated to be, 2.08 ∼ 9.28, 27.45 ∼ 110. 35 and 8.75 ∼ 11.75, respectively. The α dependences of the cross sections ratios in Mode II and Mode III as shown in Figs. 10-(c,d) and 11-(c,d) , respectively, indicate that the cross section ratios are almost independent on the model parameter, which are the same as the one in Mode I. 
FIG. 10: The same as Fig. 5 but for Mode II.
The differential cross sections for the P− wave charmed and charmed strange meson productions in Mode II and Mode III are presented in Fig. 12 and 13 , respectively. From the figure, one can find the differential cross sections reach their maximum at the forward angle limit and in the backward angle limit, the differential cross sections could be ignored, which are the same as the cases in Model I. 
